The unique deformability and the compliance ability of thin sheets on soft substrates attract much interest for studying the phenomena related to elastic instabilities as well as for sensing very weak forces such as those generated by live cells in vitro. However, the techniques used currently for producing such platforms are affected by a high degree of complexity and poor repeatability. Moreover, their deformability is usually used as a passive response to the action of an external force. Herein we propose a novel concept for a reliable and dynamic skin-over-liquid system made of a periodic array of highly compliant microbumps actuated through electrode-free electrohydrodynamic (EHD) pressure. We demonstrate that these structures are highly repeatable and capable of swelling and deflating easily under a simple thermal stimulation driven by the pyroelectric effect, thus providing a challenging platform that can be actively controlled at the microscale. Furthermore, we show the proof of principle by swelling these microbumps for mechanically stimulating live cells in vitro, thus opening the route to more reliable and easy to accomplish assays in the field of mechanobiology.
Introduction
The deformability of thin sheets on soft substrates has attracted much interest in the last decades due to the possibility of studying, with high accuracy, all of those physical phenomena related to wrinkling, buckling, or other mechanical instabilities 1, 2 . Currently, polydimethylsiloxane (PDMS) can be considered the material that best matches the softness requirements for these types of studies and is widely used in the literature. PDMS is a silicone-based component introduced by Whitesides and co-workers in the '90s for the rapid fabrication of microfluidic devices, through the so-called ''soft lithography'' 3, 4 . The key advantages of PDMS include low costs, short fabrication and turn-around time, optical transparency, flexibility and bio-compatibility, thus making it a first choice in various fields such as microfluidics, sensors, micro-optics, and microbiology [5] [6] [7] [8] [9] [10] . The wrinkling effect occurring on the surface of PDMS has been presented in the literature for a wide variety of applications. Rogers and coworkers 11 used pre-strained PDMS for producing stretchable forms of silicon, while other groups have exploited the wrinkling effect for producing stretchable metal electrodes 12, 13 . Both the mechanical behavior and the wavelength distribution of the buckling patterns have been investigated deeply to promote the applications of such structures [14] [15] [16] [17] [18] . Duan et al. 19 have studied in particular the buckling modes of micro/nanowires on elastomeric PDMS to identify the strategies for producing buckled structures in a selected manner. The wrinkling effect has also been used for producing optical components such as microlens arrays and mechanically tunable diffusers 20, 21 . Nagashima et al. 22 
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Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons license, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. used the gratings produced by skin folding for driving the alignment of DNA filaments, while hierarchical wrinkles have also been produced for particle manipulation applications 23 . The common feature in all of these techniques is the use of pre-strained cross-linked PDMS in combination with oxygen plasma treatment to achieve a thin silica-like skin on the surface of a soft elastomeric substrate. Very recently, the PDMS substrate has been replaced by polystyrene-based materials able to shrink upon annealing treatments to produce wrinkled surfaces with super hydrophobic and adjustable adhesion properties 24, 25 . Another family of buckling structures also attracts much interest due to the high degree of compliance and consists of skin-over-liquid systems [26] [27] [28] [29] . The wrinkling effects occurring on the skin under compression are investigated deeply for studying the physical phenomena related to elastic instabilities 27, 28 . Moreover, the high deformability and compliance of the skin make it sensitive to very weak forces, such as those generated by live cells in vitro. In fact, Harris's group presented seminal demonstrations of the use of a skin-over-liquid system for observing cellular traction forces 29 . They used a smart heat treatment of the PDMS layer for producing a crosslinked skin floating onto the liquid silicone underneath. Successively, Huang et al. 27 presented an alternative technique where the skin was a PS film floating over a liquid layer of water. All of these skin-over-liquid structures were revolutionary and provided the first evidence of cellular traction forces, but unfortunately, they are produced by complicated procedures affected by poor repeatability, thus limiting the development and their applications.
Here, we present a novel dynamic platform made of highly compliant microbumps (CMB) actuated by a simple thermal stimulation. For the first time, we develop a skin-over-liquid system with a surface that can be switched easily and reversibly between a flat state and a topographic state consisting of an array of periodic microbumps. Moreover, these bumps exhibit a high degree of deformability due to the liquid film under the skin, thus opening the route to a radically new field of highly sensitive mechanobiology. The wrinkle-based studies mentioned above make use of solid-over-solid systems that, depending on the specific procedure, produce wrinkle patterns with different characteristics. Here, instead, we do not propose a new method for wrinkle patterns, but we use for the first time a solid-over-liquid platform able to swell reversibly into a periodic array of microbumps with a smooth surface.
We apply a standard oxygen plasma treatment to a layer of silicone to form a very thin silica-like skin on the surface 30 , with the final advantage of exposing a solid surface (skin) that is highly compliant due to the liquid underneath (silicone). Moreover, we actuate reversibly the shape of the skin with high repeatability into an array of microbumps by a heat-controlled pyro-EHD pressure. The fabrication technique is rapid and easy to accomplish since it makes use of a periodically poled lithium niobate (PPLN) crystal that drives a liquid dielectrophoresis (L-DEP) effect 31, 32 , by using simply the strong electric field generated on its surface through the pyroelectric effect. To the best of our knowledge, the liquid silicone has never been used under direct oxidation conditions. In fact, all of the studies mentioned above deal with the deformability of thin solid sheets onto solid substrates, such as crosslinked PDMS or polystyrene-based layers. Here, instead, we show that the oxidized fresh silicone gives rise to a skin-over-liquid platform, which forms an amazing structure resembling that of a water mattress at the microscale level when actuated by pyro-EHD pressure, thus leading us to call it a ''silicone mattress.'' The results show how such CMBs can change their shape very easily with a high deformation range, thus suggesting their great potential for inducing mechanical stimulation at the microscale for reliable and easy to accomplish mechanobiology studies.
Materials and methods

Silicone
The PPLN crystals were spin coated with a thin layer of commercial silicone, namely, the base component of Sylgard 184 (Dow Corning), usually used for fabricating elastomeric structures.
PPLN crystals
The LN crystals were bought from Crystal Technology Inc. in the form of both sides polished 500-μm-thick c-cut 3-inch wafers and cut into square samples (2 × 2) cm 2 in size by a standard diamond saw. After solvent cleaning and resist patterning, the samples were subjected to electric field poling. Two types of PPLN structures were used here: (1) a square array of hexagonal domains at 200-μm period; and (2) linear domains at approximately 400-μm period.
Silicone oxidation
After spin-coating with fresh silicone, the PPLN crystals were exposed directly to an O 2 plasma treatment (Atto low pressure plasma system, Diener Electronic, Germany). Plasma exposure was performed in a cylindrical discharge chamber made of borosilicate glass with a length of 30 cm and an inner diameter of 211 mm. The system was pumped with a two-stage oil rotary pump with a pumping speed of 2.5 m 3 /h. The base pressure was a few Pascals. Plasma was created with an inductively coupled RF generator, operating at a frequency of 40 kHz and a nominal power of approximately 200 W. Commercially available oxygen was leaked into the discharge chamber. Samples were introduced in the chamber and processed after a vacuum time of 5 min. One cycle of plasma treatment was 15 min long.
The heating system
The heating system was obtained by integrating a titanium coil on the lower side of the PPLN crystal, so a circulating current produces strictly local heating due to the Joule effect. The resistive coil, in a circular shape, was fabricated by using standard optical photolithography and thin film deposition via dc sputtering in an ultra-high vacuum system (basic pressure of 1.2·10 −5 Pa). A subsequent lift-off process defined the final geometry, resulting in a Ti circular coil having a thickness of 250 nm. The loop radius and the coil width are 9 and 1 mm, respectively, and the resistance is 80 Ω at room temperature. Therefore, a circulating current of 10 mA produces a dissipative power of 8 mW.
Fibroblast cell culture
The mouse embryonic fibroblast NIH/3T3 cells were purchased from ECACC (Sigma-Aldrich, Milan, Italy). They were routinely grown in Dulbecco's modified Eagle's medium (DMEM) containing 4.5 g/L D-glucose and supplemented with 10% FBS (fetal bovine serum) (GIBCO, Gaithersburg, MD, USA), 100 units/mL penicillin, and 100 μg/mL streptomycin. Subsequently, they were harvested from the tissue culture flasks by incubation with a 0.05% trypsin/EDTA solution for 5 min. The cells were then centrifuged, resuspended in a complete medium, and then seeded on the samples at a density of 1 × 10 5 cells/mL. The NIH/3T3 cells were then incubated in conventional 50-mm-diameter Petri dishes at 37°C under a humidified 5% CO 2 atmosphere. The cells were harvested and seeded onto the CMB platform by using the CYTOOchamber TM and observed under a standard inverted optical microscope (AxioVert, Carl Zeiss, Jena, Germany). The CYTOOchamber allowed us to mount the PPLN crystal equipped with the heating system and perform the pyroelectric stimulation during culturing.
Immunofluorescence
The cells were cultured for 24 h on the surface of interest and then fixed by standard procedures. The cells were then stained by Alexa fluor 488 phalloidin and blue fluorescent Hoechst 33342 dye, trihydrochloride trihydrate (Molecular Probes Invitrogen) for visualizing nuclei and actin filaments.
Results and discussion Figure 1 shows the schematic view of the process steps (see Materials and methods for more details).
A PPLN crystal with hexagonal reversed ferroelectric domains 33 is first spin coated with fresh silicone (i.e., without curing agents) (Fig. 1a) and then oxidized by a 15-min-long reaction with O 2 plasma (Fig. 1b) . The reactive oxygen radicals attack the surface of the silicone layer and replace the methyl groups (-CH 3 ) bonded to Si atoms with O atoms, generating SiO x bonds corresponding to a stiff and very thin skin, which cannot be assimilated to a true silica material and is commonly referred to as the "silica-like" layer 30, 34, 35 . The insets in Fig. 1a, b show the side view of a water droplet on the surface of the silicone layer before and after the plasma treatment, respectively, with the indication of the measured contact angle. These results clearly show the highly hydrophilic nature of the skin, in full agreement with other studies reported in the literature 34 . Therefore, once exiting the plasma chamber, the liquid silicone exposes a very thin solid skin on the top (Fig. 1c) , with high hydrophilicity and high deformability due to the liquid phase underneath. The effect is similar to that leading to the formation of the cream-skin on the surface of boiling milk when blowing cold air upon it. The sample is then observed under a conventional optical microscope while heated up to approximately 35°C to stimulate the pyroelectric effect (see Fig. 1d ).
It is well known that under equilibrium conditions at room temperature, the charge of the spontaneous polarization P s of a c-cut wafer of LN crystal is balanced by the screening charges on the surface, thus producing an electrically neutral system [31] [32] [33] [34] [35] [36] , as shown schematically in Fig. 1c . The thermal treatment makes the P s intensity change according to ΔP i ¼ p i ΔT , where P i is the coefficient of the polarization vector, p i is the pyroelectric coefficient, and ΔT is the temperature variation. In particular, the polarization intensity decreases under heating, so a transient condition arises where the screening charges are no more compensated by the polarization charge of the crystal (see the scheme in Fig. 1d ). In particular, the regions inside the hexagons exhibit an excess of positive charges, while the regions surrounding the hexagons present an excess of charges with a negative polarity. Due to the high pyroelectric coefficient of LN, the resulting electric field is non-negligible and follows the periodicity of the reversed domains, with minimum values across the hexagonal boundaries and maximum values inside and outside the hexagons [31] [32] [33] , as shown schematically by the simplified profile in Fig. 1d . Therefore, the silicone is subjected to an L-DEP force (F L-DEP ) according to the Helmoltz equation 37 for a dielectric and incompressible liquid:
where E is the electric field intensity, and ε and ε 0 are the permittivity of silicone and air, respectively. The stronger electric field inside and outside the hexagons and the lager permittivity of the liquid make F L-DEP move and accumulate the silicone away from the hexagonal boundaries. This mechanism produces an innovative skin-over-liquid system with ''compression areas'' in the hexagons and ''swell areas'' outside, following the periodicity of the domains with high fidelity. Since the area inside the hexagons is much smaller than that outside, the corresponding silicone accumulation is negligible, as is well shown by the following figures.
The resulting structure is a periodic array of microbumps with a high compliance capability, whose appearance is similar to that observed typically in a water mattress, but with an actuation capability. The great innovation here is due to several aspects: (1) these bumps expose a ready to use surface that is solid (i.e., the silicalike skin) but with a deformability that is much higher than that provided by the well-established platforms based on cross-linked PDMS, due to the perfectly liquid phase of the silicone layer underneath; (2) moreover, the skin here is hydrophilic and ready to use for cell culturing, in contrast to the above-mentioned PDMS structures that usually require additional steps of chemical functionalization to promote cell adhesion; (3) the high deformability opens the route to highly sensitive mechanobiology studies; (4) the bumps are repeatable and periodic, thus making the platform ideal for high-throughput studies in mechanobiology; (5) the platform is active, meaning that the bumps can be actuated reversibly by switching the skin from flat to a bumped state, and vice versa, by a simple thermal stimulation, thus enabling future dynamic studies in mechanobiology; and (6) last but not least, the fabrication procedure does not require sophisticated and expensive technologies, thus making it suitable to be implemented easily in a biology laboratory.
Supporting Movie 1 shows the typical formation of a periodic array of CMBs on a PPLN crystal during heating up to 35°C and observed under an optical microscope. The skin is clearly flat at room temperature in the initial part of the movie. The temperature rises progressively, and the electric field generated pyroelectrically makes the hexagonal domains appear through the transparent silicone due to an electro-optic-based mechanism [31] [32] [33] . The regions inside the hexagons become dark rapidly due to the compression of the skin under the action of the L-DEP effect. The skin exhibits a good mechanical strength, and the resulting traction makes it wrinkle along the square array directions, without any signs of breaking. Once the skin compression inside the hexagons is completed, the array of CMBs appears clearly in the final part of the movie. For the sake of clarity, we engraved a CMB platform by a conventional scalpel to show its solid-over-liquid nature whereby, once broken, the skin makes the liquid silicone underneath leak (see Supporting Movie 2). After reaching a new equilibrium condition of the charges at the crystal/silicone interface, the electric field vanishes, and as a consequence, the compression effect into the hexagons weakens and the skin recovers the initial flat state. The intriguing feature is that the process is fully reversible and can be activated indefinitely through the thermal cycles induced by the heating plate. The compliance ability of this platform is clearly visible in Supporting Movie 3 recorded under an optical microscope while blowing slightly upon it. At each puff shot, the skin of the microbumps wrinkles visibly under the action of the weak air pressure and then recovers the original shape rapidly.
The thickness of the silicone layer is crucial and allows us to produce platforms of CMBs with three main different shapes that we call here ''slight'', ''sharp'', and ''linear'', as shown by the typical optical microscope images in Fig. 2a -e. The silicone thickness was approximately 20 μm (spin-coating at 4000 RPM) in the case of the slight shape and approximately 8 μm (spin-coating at 10,000 RPM) in the case of the sharp shape. Both the slight and sharp shapes consist of arrayed CMBs at approximately 200-μm period, but with compression areas that are regularly inscribed into the hexagons or circumscribing them, respectively (see Fig. 2a, d) .
Conversely, the thickness of the silica-like skin is not crucial and formed spontaneously on the top of the silicone during the plasma treatment.
Considering the same electric field distribution, in the case of the thicker layer (20 μm), the liquid resistance is higher and the resulting compression areas appear inscribed into the hexagons (see the labels in Fig. 2a) . The opposite occurs in the case of the thinner layer (8 μm) , where the compression areas circumscribe the hexagons, as is clearly visible in Fig. 2c, d . This means that in the case of narrow compression areas, the skin is pinched slightly by the hexagons, and the swell areas exhibit a relatively low curvature, producing continuous bumps with the liquid silicone in communication between adjacent bumps. Conversely, the large compression areas enhance the curvature of the skin in the swell areas, up to producing well-separated bumps. The picture in Fig. 2c was recorded at an intermediate temporal phase during the formation of the final shape in Fig. 2d to show the evolution of the skin compression into the hexagons. The picture in Fig. 2b was recorded across a boundary between two areas of the crystal with and without hexagons (see the labels) to show the compliance nature of the platform with the skin that wrinkles under the action of the compression areas and appears like a stretched sheet. The linear shape is obtained simply by using a PPLN crystal with linear reversed domains. Moreover, in this case, the swell and compression areas follow with high fidelity the domain boundaries underneath (Fig. 2e) .
As a control experiment, Fig. 2f shows the spontaneous wrinkling of the skin in the case of a single domain LN crystal, namely, without the ferroelectric domain pattern. The skin wrinkles according to a random redistribution of the liquid underneath when exiting the plasma chamber. These wrinkles are out of the scope of this work and demonstrate here simply that the LN ferroelectric pattern is of crucial importance for the formation of the bumps. Another control example is shown in the inset in Fig. 2f , where we used a layer of mineral oil over the PPLN crystal, instead of silicone. The L-DEP effect is clearly visible, but without the skin formation, due to the lack of Si atoms in the liquid layer. In fact, the skin-over-liquid structure is possible only by using a Si-based material that is liquid at room temperature.
We used an interferometer in digital holography (DH) modality for measuring the dynamic evolution of the three-dimensional (3D) shape of the CMBs during formation. Due to the contact-free nature of this technique, we were able to reconstruct the shaping of the bumps during heating, without any mechanical perturbation. Details about this optical technique can be found in refs. 38, 39 . Figure 3a shows the schematic view of the optical set-up, based on a Mach-Zehnder interferometer.
The CW laser beam at a wavelength of 532 nm is spilt into two beams and properly expanded. The object beam is collected by a microscope objective after passing the sample so that a focused image is obtained on the image plane. The reference beam impinges directly on the CCD camera sensor (hologram plane), where the out of focus image of the sample is superimposed by a beam-splitter. On the sensor plane, an interference pattern (the hologram) is generated by the optical interference between the object beam and the reference beam. The hologram holds information about the refractive index and the thickness of the sample, which modulate both the amplitude and the phase of the transmitted object beam. The hologram was recorded and processed by numerical techniques, which allowed us to recover the complex optical field on the image plane of the microscope objective. Figure 3b , c show the typical surface images of the CMBs reconstructed by DH at 23 and 50°C, respectively, while the chart in Fig. 3d shows the corresponding profiles retrieved at three different temperatures along a direction passing through the center of the bumps. Supporting Movie 4 shows the temporal evolution of the CMB surface reconstructed by DH while heating from room temperature to 50°C. The results clearly show the homogeneous and regular shaping of the bumps up to an approximately 40-μm height (Fig. 3d) . It is important to note that the shaping phenomenon lasts for approximately 1 s and is completed just at 35°C, beyond which no additional swelling occurs. This operation temperature is of fundamental importance because it makes the CMB platform highly suitable for biological applications where typically temperatures up to approximately 36°C are considered safe for the cell vitality. Moreover, the electrode-free generation of the electric field distribution greatly favors the implementation of the technique under a standard optical microscope without cumbersome voltage generators and control circuits.
It is well known that the cell adhesion strength and mechanical stimulation are of fundamental importance for a wide variety of studies and applications [40] [41] [42] [43] [44] [45] [46] . Here, we cultured the CMB platforms with live fibroblast cells to demonstrate the possibility of using these actuable structures for stimulating live cells in vitro mechanically at the microscale. See the Materials and methods section for details about the cell culture. Figure 3e , f show the optical microscope images of a single microbump under deflated and swollen states, respectively, with a live fibroblast cell adhering on the surface. These images clearly show the high deformability of the microbump that appears squeezed by the action of the cell filopodia during swelling. The platform is handled easily under standard culture conditions without losing its structural integrity. To better elucidate the material-cytoskeleton crosstalk during adhesion, we fixed the cells after a 24-h incubation and performed immunofluorescence reactions (see Materials and methods for details). We performed three replicates of the experiment, and Fig. 3g, h show the typical images recorded on a glass slide, used as a control, and on the CMB platform, respectively. The images clearly demonstrate how the cells seeded on the CMB are able to assemble their cytoskeleton in a different way when subjected to mechanical stress, compared to the cells seeded on the control slide (glass). The cells on the glass slide exhibit round nuclei (stained blue) and a wellorganized actin structure with a normal polymerization of the actin stress fibers (stained green) (see Fig. 3g ). Conversely, the cells cultured on the CMB platform appear significantly polarized and elongated with an irregular formation of the actin stress fibers. They are smaller than the cells on the control and exhibit nuclei that are elongated along the polarization direction (see Fig. 3h ).
It is important to note that the interaction between the cell and the bump is active, meaning that the swelling area exerts a dynamic pressure on the cell. The compliance ability would be of great advantage for mechanotransduction studies because the forces are easily transferred, either from the cells to the substrate or vice versa. Compared to traditional glass substrates widely used for mechano-transduction studies due to easy access for cell culturing, the relief topography of the CMBs provides the great advantage of studying cells in a 3D dynamic environment.
Moreover, considering the ease of implementation, the technique would be directly applicable in a biological laboratory without expensive and complicated equipment.
Conclusion
We show here how the pyro-EHD pressure, acting on a layer of oxidized liquid silicone, is able to actuate easily and rapidly an array of compliant microbumps embedded into an innovative skin-over-liquid platform. These structures have the peculiarity of being periodic, exposing a stiff skin, and being highly compliant due to the liquid silicone flowing underneath. Furthermore, the effect is fully reversible, thus achieving a flexible and switchable platform. We believe that the high compliance and the actuation abilities are of particular interest for mechanobiology applications. In fact, the preliminary results here clearly show the ability of the CMB platform to induce a significant variation in the nuclei and stress fiber organization, thus opening the route to systematic studies on mechanical cues that control the interaction of cells with their surrounding environment over a range of compliance never studied before, with a significant impact in the field of tissue engineering through neural stem cells. 
